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Yeast Nej1 Is a Key Participant in the Initial End Binding and
Final Ligation Steps of Nonhomologous End Joining”
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In Saccharomyces cerevisiae, the key components of the
nonhomologous end joining (NHE]) pathway that repairs DNA
double-strand breaks (DSBs) are yeast Ku (yKu), Mrel1l-
Rad50-Xrs2, Dnl4-Lifl, and Nejl. Here, we examined the role
of Nejl in NHE] by a combination of molecular genetic and
biochemical approaches. As expected, the recruitment of Nej1
to in vivo DSBs is dependent upon yKu. Surprisingly, Nej1 is
required for the stable binding of yKu to iz vivo DSBs, in addi-
tion to Dnl4-Lifl. Thus, Nej1 and Dnl4-Lifl are independently
recruited by yKu to in vivo DSBs, forming a stable ternary
complex that channels DSBs into the NHE] pathway. In accord
with these results, purified Nej1 interacts with yKu and prefer-
entially binds to DNA ends bound by yKu. Furthermore, the
binding of a mixture of Nejl and Dnl4-Lifl to DNA ends
bound by yKu is greater than the sum of the binding of the in-
dividual proteins, indicating that pairwise interactions among
yKu, Nej1, and Dnl4-Lifl contribute to complex assembly at
DNA ends. Nej1 stimulates intermolecular ligation by Dnl4-
Lif1, but, more interestingly, the addition of Nej1 results in
more than one intermolecular ligation per Dnl4 molecule.
Thus, Nej1 not only plays an important role in determining
repair pathway choice by participating in the initial NHE]
complex formed at DSBs but also contributes to the reactiva-
tion of Dnl4-Lif1 after repair is complete, thereby increasing
the capacity of the NHE] repair pathway.

DNA double-strand breaks (DSBs)? are particularly difficult
to repair because there is no intact template strand to guide
the repair process. Consequently, these lesions are extremely
cytotoxic and, if misrepaired, can give rise to mutations ranging
from gross chromosomal rearrangements to small deletions
and insertions. DSBs can be repaired by two fundamentally
different types of repair pathways (1, 2). In homology-depen-
dent repair, a DNA duplex that is homologous to the break
site, frequently a sister chromatid, is used to guide the repair
of the DSB (1). Usually, this type of repair accurately restores
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the DSB site, whereas the repair of DSBs by nonhomologous
end joining (NHE]) is error-prone. In NHE], the ends of bro-
ken DNA molecules are brought together in the absence of
extensive DNA sequence homology. This end bridging or syn-
apsis is the key reaction that defines the NHE] pathway (1, 2).

Key players in the NHE] pathway were initially identified by
the cloning of the genes that complemented the IR sensitivity
of mutant rodent cell lines (2, 3). The pronounced IR sensitiv-
ity of NHE]J-deficient mammalian cells reflects the major con-
tribution of this repair pathway to cell survival in response to
chromosomal DSBs. Although homologs or orthologs of most
of the key mammalian NHE] factors have been identified in
the lower eukaryote Saccharomyces cerevisiae, genetic inacti-
vation of the yeast NHE] factors does not significantly in-
crease IR sensitivity unless the predominant homologous re-
combination pathway is also inactivated (2—4). The yeast Ku
(yKu) and Dnl4-Lifl complexes are functional homologs of
mammalian Ku70-Ku80 (Ku) and DNA ligase IV-XRCC4,
indicating that the mechanism of NHE] in eukaryotes is at
least partially conserved. In mammals, the DNA end-binding
factor Ku recruits DNA-PKcs, a protein kinase catalytic sub-
unit to DNA ends, forming the DNA-dependent protein ki-
nase (5). DNA-PKcs itself and Artemis, a DNA structure-spe-
cific endonuclease, are important in vivo targets of the kinase
activity of DNA-PK, which is critical for NHE] (6, 7). In addi-
tion, DNA-PKcs appears to be the end-bridging factor in
mammalian NHE] (8). Although yeast lacks a homolog of
DNA-PKGcs, there is compelling genetic and biochemical evi-
dence that the yeast Mrel1-Rad50-Xrs2 complex is an essen-
tial NHE] component (4) and is the major end-bridging activ-
ity in yeast NHE] (9). In vivo, the yKu, Mrel1-Rad50-Xrs2,
and Dnl4-Lif1 complexes are all required for the efficient re-
joining of linear plasmid DNA molecules with cohesive ends
(4, 10-15). Consistent with these genetic analyses, the inter-
molecular ligation of linear DNA molecules with cohesive
ends in vitro is also dependent on these three complexes at
physiological salt concentrations and appears to be mediated
by functional interactions among them (9).

Studies examining the assembly of the core NHE] factors at
both in vitro and in vivo DSBs have shown that the binding of
yKu to the DSB is required for the recruitment of Dnl4-Lif1
(3, 16 -19). Although not absolutely dependent upon either
yKu or Dnl4-Lifl, the binding of Mrel1-Rad50-Xrs2 to in
vitro and in vivo DSBs is altered in the presence of these fac-
tors (16, 17, 19). Because the binding of yKu to in vivo DSBs is
dynamic while its binds stably to i vitro DSBs (19), it appears
that yKu is actively displaced from in vivo DSBs, presumably
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by competing DSB repair pathways. Interestingly, Dnl4-Lif1
stabilizes the binding of yKu to in vivo DSBs, and both yKu
and Dnl4-Lif1 accumulate at unrepaired DSBs in the absence
of Mrell-Rad50-Xrs2, suggesting that Dnl4-Lifl and yKu
form a complex at in vivo DSBs that sequesters the ends away
from the homologous recombination machinery (19).

Several groups identified Nejl as a novel essential NHE]
factor. NEJI is a haploid-specific gene whose inactivation
causes a defect in NHE] that is epistatic with DNL4 (20-23).
There is now compelling evidence that Nejl is a direct partici-
pant in NHE], in addition to regulating the subcellular local-
ization of Dnl4-Lif1 (24). This notion is supported by parallel
studies with the mammalian ortholog of Nej1, XLF (XRCC4-
like factor; Cernunnos) (25-27). Notably, XLF not only stimu-
lates the joining of cohesive DNA ends by DNA ligase IV-
XRCC4 but also the joining of mismatched DNA ends (28 -
34). Interestingly, XRCC4 and XLF are structurally similar,
forming homodimers with a globular head domain and
coiled-coil regions (28, 30). Despite this structural informa-
tion, the mechanisms by which XLF and Nejl modulate DNA
joining are poorly understood.

In this study, we examined the role of Nejl in NHE] by a
combination of in vitro and in vivo approaches. Notably, we
show that Nejl changes the mode of ligation by Dnl4-Lif1
from single to multiple turnover. More surprisingly, our stud-
ies also reveal that Nejl acts at the initial DNA-binding step
of NHE] and inhibits Rad51-dependent repair of DSBs by act-
ing in concert with Dnl4-Lif1 to increase the stability of yKu
binding to in vivo DSBs.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The yeast plasmids expressing calm-
odulin-binding peptide (CBP)-Nejl and FLAG-Nejl from a
GAL promoter were gifts from Dr. Thomas Wilson (35). Frag-
ments encoding full-length Nejl and derivatives lacking either
the N-terminal 129 amino acids (AN-Nejl, amino acids 129 —
343) or the C-terminal 120 amino acids (Nej1-AC, amino ac-
ids 1-223) were amplified by PCR and, after verification by
DNA sequencing, were subcloned in-frame with a V5 epitope
tag into the plasmid vector pYES2.1 using the pYES2.1-
TOPO-TA expression kit (Invitrogen).

Yeast Strains and Induction of HO Endonuclease
Expression—All yeast strains were derived from SLY1A and
have been described previously (36) except for SLY1A ANEJ1.
This strain was constructed by one-step gene replacement by
transforming a PCR fragment of ANEJ1::KanMX into wild-
type SLY1A and selecting for G418-resistant colonies. For
chromatin immunoprecipitation experiments, HO endonu-
clease expression was induced by the addition of galactose
(2% final concentration) to logarithmic cultures (107 cells/ml)
grown in Yeast Extract Peptone-glycerol medium at 30 °C. To
examine the effect of HO endonuclease expression on cell
survival, dilutions of cultures of SLY1A and its derivatives
were spotted onto agar plates containing complete medium
and galactose. To measure the in vivo repair of DSBs by
NHE]J, SLY1A and its derivatives were transformed with the
plasmid pBEVY-GL (37) that had been linearized by EcoRV
cleavage within the LEU2 gene. The number of colonies
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growing on plates lacking leucine reflects the efficiency of the
plasmid recircularization by NHE].

Yeast NHE] Proteins and Antibodies—His-tagged versions
of yKu and Dnl4-Lifl complexes were purified as described
previously (9, 38). CBP-tagged Nejl was purified from ANEJI
cells harboring the plasmid encoding CBP-Nejl. Expression
of CBP-Nejl was induced by switching from medium contain-
ing 2% glucose to medium containing 2% galactose. After
growth for 14 h at 30 °C, cells were harvested, resuspended in
50 mMm Tris-HCI (pH 7.5), 1 mm EDTA, 1 mum dithiothreitol,
50 mMm NaCl, 10% glycerol, and 0.2% IGEPAL CA-630 con-
taining a mixture of protease inhibitors (1 mm PMSF, 1 mm
benzamidine, 1 ug/ml leupetin, 1 pug/ml aprotinin, and 1
pg/ml pepstatin), and then lysed in a French press. The lysate
was clarified by centrifugation and applied to a phosphocellu-
lose column. CBP-Nejl, which was detected in the column
flow-through fractions by immunoblotting with the anti-CBP
antibody (Millipore), was further purified on a calmodulin
affinity resin, followed by Resource S, Superdex S-200, and
Mono Q chromatography. Approximately 10 ug of CBP-Nejl
was obtained from a 10-liter culture. Antibodies against yKu
and Rad51 have been described previously (19).

ChIP Assay—ChIP was carried out as described previously
(19, 36). Briefly, HO endonuclease was induced in exponen-
tially growing yeast cultures as described above. After in vivo
cross-linking of nucleic acids and proteins by 1% formalde-
hyde (1% final volume), cells were lysed, and genomic DNA
was sonicated to yield fragments with an average size of 0.5
kb. Sonicated extracts were incubated with anti-yKu, anti-
Rad51, or anti-V5 antibody (for V5-tagged Nej1) at 4 °C for
2 h and then with protein G-agarose beads for 1 h. After
cross-link reversal, genomic DNA was purified and amplified
by real-time quantitative PCR using the ABI Prism 7900 in-
strument (Applied Biosystems) with multiple primers sets
that anneal 0.1-0.9-kb proximal (L) or distal (R) to the DSB,
as well as primers specific for the PREI gene situated on chro-
mosome V. PCRs were set up by following the manufacturer’s
standard real-time PCR protocol (Applied Biosystems). The
recruitment of protein at the HO break site is expressed as
relative immunoprecipitate, which represents the ratio of a
specific PCR signal at the HO break site to the nonspecific
signal at a distant locus (PRE1), normalized to the value ob-
tained from the uninduced sample (0 h).

Pulldown Assays—To detect the association between Nejl
and yKu, purified His-tagged yKu (1 pg) was immobilized on
nickel beads (10 ul) and then incubated with extracts (200 ug)
from yeast cells expressing V5-tagged versions of Nejl in 50
mw Tris-HCI (pH 7.5), 1 mm EDTA, 5% mecaptoethanol, and
150 mm NaCl containing the protease inhibitor mixture. After
washing, bound proteins were released from the nickel beads
by heating at 95 °C for 5 min in the presence of SDS loading
buffer (15 ul). Tagged derivatives of Nejl were detected
among the proteins retained on the nickel beads by immuno-
blotting with anti-V5 antibody.

To demonstrate that there is a direct interaction between
Nejl and yKu, purified His-tagged yKu (1 ng) was immobi-
lized on nickel beads (10 wl) and then incubated with purified
CBP-Nejl (1 ug). The binding of CBP-Nejl to the beads
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was detected by immunoblotting. In reciprocal experi-
ments, CBP-Nejl (1 ug) was immobilized on protein G
beads liganded by anti-CBP antibody and then incubated
with purified yKu (1 pg).

EMSA—A linear blunt-ended DNA fragment of 200 bp was
generated by PCR. DNA concentration is expressed as DNA
molecules. The DNA substrate (38 nMm) was incubated with
Nejl and yKu either alone or in combination for 15 min at
room temperature in 20 mm Tris-HCI (pH 7.5), 50 mm NaCl,
2 mM dithiothreitol, and 5% glycerol (final volume of 20 ul).
To confirm the presence of specific NHE] proteins in DNA-
protein complexes, antibodies for the NHE] factors were
added, and incubation was continued for 10 min. After sepa-
ration by agarose gel electrophoresis (0.7% (w/v) agarose),
DNA was visualized by ethidium bromide staining.

Surface Plasmon Resonance—DNA binding experiments
were performed on a Biacore 3000 instrument (Biacore, Inc.)
as described previously (19). A 5'-biotinylated forward primer
and a nonbiotinylated reverse primer were used to amplify a
product of 669 bp by PCR using Pfu polymerase (Stratagene).
The biotinylated duplex DNA was immobilized on the chip
surface at a concentration of 10 nm. All DNA concentrations
are expressed as DNA molecules. The purified NHE] proteins
yKu, Dnl4-Lifl, and Nejl were injected and analyzed for asso-
ciation and dissociation individually and in various combina-
tions. All sensorgrams were generated at a flow rate of 10 ul/
min. Proteins were diluted in running buffer (10 mm HEPES/
potassium hydroxide (pH 7.5), 100 mm NaCl, 3 mm EDTA,
and 0.05% surfactant P-20) prior to injection for 3 min, fol-
lowed by a 2.5-min dissociation phase in which running
buffer was passed through the flow cell. The proteins were
simultaneously injected over a cell surface lacking the oligo-
nucleotide to detect nonspecific binding, which was sub-
tracted from the binding observed in the DNA cell, to gener-
ate the reported sensorgram. All experiments were performed
in triplicate. Kinetic evaluation was performed using the man-
ufacturer’s software (Evaluation Version 4.1, Biacore, Inc.).
The chip binding surface was regenerated by incubation for
60 s with 0.05% SDS solution, followed by a 30-s incubation
with running buffer containing 500 mm NaClL

Deadenylation and Adenylation Assays—To remove the
AMP moiety from preadenylated Dnl4, the His-tagged Dnl4-
Lif1 complex (1 pmol) was incubated with 10 mm pyrophos-
phate in a final volume of 20 ul for 30 min at 25 °C in AMP
buffer (60 mm Tris-HCI (pH 8.0), 10 mm MgCl,, 5 mm DTT,
50 wg/ml BSA, and 150 mMm NaCl) to reverse the first step of
the ligation reaction in the presence or absence of CBP-Nejl
(2 pmol). To deadenylate Dnl4 by transferring the AMP moi-
ety to DNA, the His-tagged Dnl4-Lifl complex (1 pmol) was
incubated in a final volume of 20 ul with a linear duplex DNA
substrate with ligatable cohesive ends (100 pmol) in the pres-
ence or absence of CBP-Nej1 (2 pmol) for 30 min at 25 °C in
ligation buffer. Dnl4-Lifl was immobilized on nickel beads
(10 ul), washed with 50 mm Tris-HCI (pH 7.5), 1 mm DTT,
150 mMm NaCl, and 10% glycerol containing the protease in-
hibitor mixture, and then incubated with [a-3>P]ATP (3000
Ci/mmol, 10 mCi/ml, 3 uCi, 1 pmol) in the presence or ab-
sence of CBP-Nejl1 (2 pmol) for 20 min at 25 °C in AMP
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FIGURE 1. Effect of genetic inactivation of NEJT on NHEJ and the recruit-
ment of Nej1 to an in vivo DSB. A, cultures of haploid yeast strains, wild-type
SLYTA (SLY), SLY1A ANEJT (SLY AnejT), and a derivative of SLY1A ANEJT harbor-
ing a plasmid expressing V5-tagged Nej1 (SLY AnejT pNej1) were diluted and
spotted onto Yeast Extract Peptone-galactose plates to induce DSBs as a conse-
quence of HO endonuclease expression. B, role of NHEJ in the ligation of linear-
ized plasmid DNA after transformation into yeast cells. EcoRV-cleaved and cir-
cular plasmid DNAs were transformed into SLY1A (WT), SLY1A ADNL4 (Adnl4),
SLY1A ALIF1 (Alif1), and SLY1A ANEJT (Anej1) (upper panel) and derivatives of
SLY1A containing the empty expression vector (WT pVector) and derivatives

of SLY1A ANEJ1-harboring plasmids expressing the indicated tagged versions
of tagged Nej1 (AnejT pFlag-Nej1, pCBP-Nej1, and pNej1-V5) (lower panel). Re-
sults are presented as relative transformation efficiencies (ratios of cut versus
uncut plasmid) from three independent experiments. Error bars indicate

mean = S.D. G kinetics of recruitment of V5-tagged Nej1 to a site-specific DSB
in SLY1A (WT), SLY1A ADNL4 (dnl4-del), SLY1A ALIF1 (lif1-del), and SLYTA
AyKU?70 (ku-del) strains were measured by chromatin immunoprecipitation as
described under “Experimental Procedures.” Data represent the mean = S.D. of
three or more independent experiments.
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FIGURE 2. Role of Nej1 in the binding of yKu to an in vivo DSB: effect of genetic inactivation of NEJ1 on the recruitment of Rad51 to an in vivo DSB
and sensitivity to phleomycin. The kinetics of recruitment of yKu to a site-specific DSB in SLYTA (WT), SLY1A ALIF1 (lifT), and SLYTA ANEJT (nej1) strains
were measured by chromatin immunoprecipitation with (A) and without (B) formaldehyde cross-linking. G, kinetics of recruitment of Rad51 to a site-specific
DSBin SLY1A (WT), SLY1A ALIF1 (lif1), SLY1A AyKU70 (yku), and SLYTA ANEJT (nej1) strains. D, growth of wild-type SLY1A (WT) and derivatives with the indi-
cated gene deletions was compared on Yeast Extract Peptone-glucose plates containing increasing concentrations of phleomycin by spotting dilutions of

the cultures onto plates.

buffer. Bound proteins were released from the nickel beads by
heating at 95 °C for 5 min in the presence of SDS loading
buffer (15 ul), and after separation by SDS-PAGE, labeled
Dnl4 was detected and quantitated by PhosphorImager analy-
sis. To directly quantitate the number of labeled adenylated
Dnl4 molecules, labeled bands were cut out and radioactivity
measured by liquid scintillation counting (Beckman
Instruments).

Ligation Assays—DNA ligation assays with radioactively
labeled DNA substrates were performed as described previ-
ously (39). The DNA substrate to measure nick ligation was a
labeled 44-bp linear DNA duplex with a single ligatable nick.
The DSB substrates for intermolecular ligation were two 25-
mer oligonucleotide duplexes, each with one blunt nonligat-
able end and a cohesive 5'-overhang of four nucleotides. One
of the 5'-overhangs was end-labeled, whereas the other 5’-
ends were not phosphorylated so that alignment of the du-
plexes via their cohesive ends generated one ligatable nick.
Dnl4-Lif1 (1 pmol) was incubated with the DNA substrate (1
pmol) in the absence or presence of CBP-Nejl at 25 °C for 150
min in AMP buffer (final volume of 10 ul) to measure ligation
under single-turnover conditions. Dnl4-Lif1 (1 pmol) was in-
cubated with the DNA substrate (10 pmol) in the absence or
presence of CBP-Nejl at 25 °C for 150 min unless indicated in
ligation buffer (final volume of 10 wl) to measure ligation un-
der multiple-turnover conditions.
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RESULTS

Nejl Is Recruited by and Stabilizes the Binding of yKu to in
Vivo DSBs—Although Nejl is a direct participant in yeast
NHE]J (24), the mechanisms by which it contributes to NHE]
are not well defined. In accord with published studies (20—
23), deletion of NEJ1 in the SLY1 genetic background resulted
in a defect in NHE], measured either by growth when HO
endonuclease was constitutively expressed (Fig. 14) or by re-
pair of linearized plasmid DNA (Fig. 1B) that could be com-
plemented by expression of tagged versions of Nejl (Fig. 1, A
and B). In ChIP assays to measure the steady-state levels of
Nejl at a site-specific DSB generated by HO endonuclease,
genetic inactivation of yKu markedly reduced the recruitment
of Nejl, whereas the absence of either the Lifl or Dnl4 sub-
unit of the Dnl4-Lifl complex resulted in a relatively minor
increase in Nej1 recruitment (Fig. 1C). Thus, the recruitment
of Nejl to in vivo DSBs is largely dependent upon yKu but
independent of Dnl4-Lif1. Previously, ChIP assays performed
without cross-linking were used to demonstrate that although
the recruitment of Dnl4-Lif1 to an in vivo DSB was dependent
upon yKu, Dnl4-Lif1 was critical for the stable retention of
yKu at the DSB (19). This prompted us to examine the role of
Nejl in the binding of yKu to an in vivo DSB. In ChIP assays
with cross-linking, the binding of yKu at the DSB site was not
dependent upon either Nej1 or Lifl (Fig. 2A4). However, the
binding of yKu to the DSB site in ChIP assays without cross-
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FIGURE 3. Physical interaction between Nej1 and yKu is dependent
upon the N-terminal domain of Nej1. A, lane 7, immunoblots of extracts
(20 ng) from yeast cells expressing V5-tagged wild-type Nej1 (upper panel),
V5-tagged Nej1 lacking the C-terminal domain (middle panel), and V5-
tagged Nej1 lacking the N-terminal domain (lower panel). Extracts (200 ng)
were incubated with either nickel beads (lane 2) or nickel beads liganded by
His-tagged yKu (lane 4). Lane 3, nickel beads liganded by His-tagged Ku in-
cubated with extract expressing the V5 epitope. Epitope-tagged proteins
retained by the beads were detected by immunoblotting. B, Coomassie
Blue-stained gel showing molecular mass standards (left lane) and purified
CBP-Nej1 (300 ng; right lane, pNej1). C, lane 1, immunoblot of purified CBP-
Nej1 (100 ng). Purified CBP-Nej1 (1 ng) was incubated with either nickel
beads (lane 2) or nickel beads liganded by yKu (lane 3). D, lane 1, immuno-
blot of purified yKu (100 ng). Purified yKu (1 ng) was incubated without
(lane 2) or with (lane 3) purified CBP-Nej1 prior to the addition of protein
G-Sepharose beads liganded by anti-CBP antibody. Proteins were detected
by immunoblotting with the indicated antibody.

linking was dramatically reduced in the absence of either Nej1
or Lif1 (Fig. 2B). Thus, it appears that like Dnl4-Lif1 (19),
Nejl is required to stabilize the binding of yKu to in vivo
DSBs.

Because the binding of yKu to in vivo DSBs inhibits end
resection (19, 40), we examined the binding of Rad51 to the
single-strand regions generated by 5'- to 3’-resection at a
DSB using ChIP assays (19). As expected (19), Rad51 binding
was significantly increased in the absence of functional yKu
(Fig. 2C). There was also increased Rad51 binding in the ab-
sence of Nejl that was greater than that observed in the /if1
strain but less than that in the yKu strain (Fig. 2C). Inactiva-
tion of yKu results in increased resistance to DSB-inducing
agents such as phleomycin (19) because end binding by yKu
suppresses the repair of DSBs by homologous recombination.
To provide evidence that the stabilization of yKu binding to in

FEBRUARY 11, 2011+VOLUME 286+NUMBER 6

Role of Nej1 in Yeast NHEJ

A. Ku
Nej1

-+ +++ -- -
| ]

B. Ku =+++-+++
KuAb = =+ 4 = = = =
Nefl =+ 4+ -+ + -

NejfiAb = —= — 4+ — = + +

123456738

FIGURE 4. DNA-protein complexes formed by yKu and Nej1 in EMSAs.
Formation of DNA-protein complexes by yKu and Nej1 with a 200-bp DNA
duplex with blunt ends (38 nm) was detected in EMSAs as described under
“Experimental Procedures.” A, lane 1, no protein; lane 2, 3 nm yKu; lane 3, 3
nm yKu and 6 nm Nej1; lane 4, 3 nm yKu and 12 nm Nej1; lane 5, 3 nm yKu and
25 nm Nej1; lane 6, 6 nm Nej1; lane 7,12 nm Nej1; lane 8, 25 nm Nej1. B, DNA-
protein complexes formed by yKu (3 nm; lanes 2-4 and 6-8) and Nej1 (25
nM; lanes 2-4, 6, and 7), either alone or in combination, were incubated with
anti-yKu (lanes 3 and 4) or anti-Nej1 (anti-CBP, lanes 7 and 8) antibodies as
indicated. Lanes T and 5, no protein.

vivo DSBs by Nejl contributes to the yKu-dependent inhibi-
tion of homologous recombination, we examined the effect of
inactivating Nejl on sensitivity to phleomycin. As was ob-
served in strains lacking either a functional yKu complex or a
functional Dnl4-Lif1 complex (19), Nejl inactivation resulted
in increased resistance to phleomycin (Fig. 2D). Together,
these results demonstrate that in addition to Dnl4-Lif1 (19),
Nejl contributes to the stable binding of yKu to in vivo DSBs
and the channeling of these lesions into the NHE] repair
pathway.

Direct Physical Interaction between Ku and Nejl—Next, we
asked whether there is a direct interaction between yKu and
Nejl that may underlie the yKu-dependent recruitment of
Nejl to in vivo DSBs and subsequent stabilization of yKu
binding. In initial studies, tagged versions of Nej1 in yeast cell
extracts were specifically retained by yKu beads (Fig. 34, up-
per panel) in a reaction that was dependent upon the N-ter-
minal domain of Nejl (middle and lower panels). To deter-
mine whether Nejl interacts directly with yKu, a CBP-tagged
version of Nejl was purified after expression in yeast (Fig. 3B).
Purified yKu was specifically retained by CBP-Nej1 beads (Fig.
3C), and in the reciprocal experiment, purified CBP-Nejl was
specifically retained by yKu beads (Fig. 3D). Neither the pres-
ence of ethidium bromide nor incubation with DNase dis-
rupted the interaction between the purified proteins (data not
shown).

DNA Binding by NejI—Because it had been shown previ-
ously that DNA binding by XLF and XRCC4 is dependent
upon the length of the DNA duplex (31, 41), we examined the
binding of Nej1 to linear blunt-ended DNA duplexes ranging
in size from 0.2 to 5 kb in EMSAs. Nejl1 did preferentially bind
to the 5-kb substrate, forming discrete DNA-protein com-
plexes, whereas interactions with the shorter DNA substrates
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FIGURE 5. Interaction of yKu, Nej1, and Dnl4-Lif1 with DNA visualized by surface plasmon resonance. A, representative sensorgram generated by se-
quential injection of Ku (1 nm), Nej1 (1 nm), and Dnl4-Lif1 (10 nm) onto a sensor chip coated with 669-bp blunt-ended duplex DNA. B, representative sensor-
grams showing the profile of binding of Nej1 (1.25 nm) to the DNA chip that had either been preloaded with yKu (2 nwm; blue line, Ku) or not (black line, No
protein). C, representative sensorgrams showing the profile of binding of Dnl4-Lif1 (10 nm) to the DNA chip (black line, No protein) and the effect of preload-
ing of the DNA chip with yKu (1 nm; blue line, Ku) or yKu followed by Nej1 (1 nmyKu and 1 nm Nej1; red line, Ku — Nej1). D, representative sensorgrams show-
ing protein binding to the DNA chip preloaded with yKu followed by Nej1 alone (1 nm; blue line, Ku — Nej1), Dnl4-Lif1 alone (10 nwm; black line, Ku — Dnl4),
and a mixture of Nej1 and Dnl4-Lif1 (1 nm Nej1 and 10 nm Dnl4-Lif1, red line, Ku — Nej1 + Dnl4). RU, resonance units.

resulted in less distinct DNA-protein complexes (data not
shown). In similar assays, yKu formed discrete DNA-protein
complexes with one end or both ends bound by yKu with all
three DNA substrates (data not shown). Using surface plas-
mon resonance, we measured the binding of Nej1 and yKu to
a 600-bp blunt-ended linear DNA immobilized on a sensor
chip. Calculated affinities for Nej1 and yKu were 3 X 10~°
and 3 X 10~ *° M, respectively. The higher affinity binding by
yKu was due to its much slower rate of dissociation (9 X 103
1 per second) compared with Nej1 (9 X 1072 1 per second).
Effect of yKu on DNA Binding by Nej1—The higher affinity
binding of yKu to DNA prompted us to determine the effects
of yKu on DNA binding by Nejl. As expected (19), incubation
of yKu with a 200-bp linear blunt-ended DNA substrate re-
sulted in the formation of a DNA-protein complex in which
yKu was bound at one end of the linear DNA (Fig. 44, lane 2).
The addition of increasing amounts of Nej1 resulted in in-
creasing amounts of a DNA-protein complex similar in size to
that formed by yKu alone and the appearance of a DNA-pro-
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tein complex with reduced electrophoretic mobility (Fig. 44,
compare lane 2 with lanes 3-5). In contrast, no DNA-protein
complexes were detected in comparable reactions with Nej1
in the absence of yKu (Fig. 44, lanes 6 —8). To identify the
proteins within the DNA-protein complexes, we performed
supershift experiments with anti-yKu and anti-Nej1 antibod-
ies. As expected, both DNA-protein complexes formed by
coincubating yKu and Nejl were shifted by anti-yKu antibody
(Fig. 4B, compare lanes 2 and 3). In similar experiments with
anti-Nejl antibody, the two DNA-protein complexes formed
by coincubating yKu and Nej1 were also shifted (Fig. 4B, com-
pare lanes 6 and 7), whereas the DNA-protein complex
formed with yKu alone was not (lane 8). Thus, Nej1 forms a
stable complex with DNA ends bound by yKu.

Assembly of DNA-Protein Complexes Containing yKu, Nejl,
and Dnl4-Lifl—Based on our studies identifying an interac-
tion between Nejl and yKu and published studies describing
interactions between yKu and Dnl4-Lif1 (16, 19) and between
Dnl4-Lifl and Nejl (20-23), it appears that these factors are
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linked by pairwise interactions that presumably contribute to
their assembly into a DNA-protein complex at DNA ends. To
provide evidence for this model, we examined the assembly of
DNA-protein complexes by surface plasmon resonance. In
initial studies, we sequentially added Nejl and Dnl4-Lifl to
DNA preloaded with yKu (Fig. 5A4). In accord with the EMSA
results, the presence of yKu on the DNA enhanced binding by
Nejl (Fig. 5B). The binding response observed with 1.25 nm
Nejl and yKu-bound DNA was similar to that observed with
5 nM Nejl and DNA in the absence of yKu (data not shown),
indicating that the presence of yKu enhances the binding of
Nejl to DNA by 3-4-fold. As expected (19), the presence of
yKu on the DNA enhanced binding by Dnl4-Lif1 (Fig. 5C). A
much larger increase in binding by Dnl4-Lif1 was observed
when yKu and then Nejl were preloaded onto the DNA (Fig.
5C), suggesting that interactions with both yKu and Nej1 con-
tribute to enhanced DNA binding by Dnl4-Lifl. Our data and
other published studies (19, 24) are consistent with a model in
which yKu initiates binding at a DSB and then independently
recruits Nejl and Dnl4-Lifl. To mimic this scenario, we ex-
amined the effect of mixing Nejl and Dnl4-Lif1 prior to load-
ing onto DNA bound by yKu. The binding response of the
mixture was higher than the sum of the binding responses of
the individual factors (Fig. 5D), suggesting that the interaction
between Nejl and Dnl4-Lifl contributes to their enhanced
association with yKu at DNA ends.

Nej1 Stimulates DNA Joining by Dnl4-Lifl by ATP-inde-
pendent and ATP-dependent Mechanisms—The DNA ligase
IV family is distinct from the other families of eukaryotic
DNA ligases in that the purified enzyme is not only predomi-
nantly preadenylated but also appears to be capable of com-
pleting only a single ligation reaction (32, 42—45). Because
XLF stimulates DNA joining by DNA ligase IV-XRCC4 (31—
34, 46), we asked whether Nejl modulates the catalytic activ-
ity of Dnl4-Lif1. In initial studies, we examined the effect of
Nejl on adenylation and deadenylation of Dnl4. When Dnl4-
Lif1 was incubated with [a-**P] ATP, only ~5% of the Dnl4
molecules in the purified Dnl4-Lif1 fraction formed the la-
beled Dnl4-AMP intermediate (Fig. 64, lanes I and 4). Coin-
cubation with Nej1 resulted in an ~2-fold increase in the
amount of the labeled Dnl4-AMP intermediate (Fig. 64, lanes
2 and 3). These results indicate that at least 10% of the Dnl4
molecules in the purified Dnl4-Lif1 fraction are not adeny-
lated and that about half of these molecules require Nej1 for
adenylation.

To determine the effect of Nejl on deadenylation and
readenylation, Dnl4-Lifl was preincubated with pyrophos-
phate to reverse the first step of the ligation reaction, in either
the presence or absence of Nejl. After collection on nickel
beads and washing, Dnl4-Lif1 was incubated with [«a->*P]
ATP in either the presence or absence of Nejl (Fig. 6B). Nota-
bly, preincubation with both Nejl and pyrophosphate re-
sulted in a 5-10-fold increase in the amount of the labeled
Dnl4-AMP intermediate (Fig. 6B, compare lanes 1 and 2 with
lanes 3 and 4), whereas the subsequent inclusion of Nejl with
[a-*?P]ATP had no significant effect on the amount of labeled
Dnl4-AMP intermediate (compare lanes 3 and 4). Dnl4 can
also be deadenylated as a consequence of transfer of the AMP
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FIGURE 6. Effect of Nej1 on Dnl4 deadenylation and readenylation.

A, His-tagged Dnl4-Lif1 (1 pmol) was preincubated without (lanes 7 and 2)
or with (2 pmol; lanes 3 and 4) Nej1. B, His-tagged Dnl4-Lif1 (1 pmol) was
preincubated without (lanes 7 and 2) or with (2 pmol; lanes 3 and 4) Nej1 in
the presence of 10 mm pyrophosphate. C, His-tagged Dnl4-Lif1 (1 pmol) was
preincubated without (lanes 7 and 2) or with (2 pmol; lanes 3 and 4) Nej1 in
the presence of linear DNA oligonucleotide duplex with cohesive ligatable
ends (100 pmol). After collection on nickel beads, Dnl4-Lif1 was incubated
with [a->?P]ATP in the absence (lanes 1 and 4) or presence (2 pmol; lanes 2
and 3). of Nej1 Proteins were separated by SDS-PAGE and labeled. Dnl4 was
detected and quantitated by Phosphorlmager analysis. The results of three
independent experiments are shown graphically. Error bars indicate

mean = S.D.

group to the DNA substrate during the ligation reaction. To
determine the effect of Nejl on the nucleotidyl transfer step
of the ligation reaction, Dnl4-Lif1 was preincubated with
DNA molecules with cohesive ligatable ends prior to incuba-
tion with [a-**P] ATP (Fig. 6C). The addition of Nej1 to the
reactions with the DNA substrate resulted in a 5-10-fold in-
crease in the amount of the labeled Dnl4-AMP intermediate
(Fig. 6C, compare lanes 1 and 2 with lanes 3 and 4), but as was
observed in the reactions with pyrophosphate, Nejl did not
significantly increase readenylation. Thus, under these reac-
tion conditions, Nejl has a major effect on deadenylation
rather than adenylation of Dnl4.
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tained Dnl4-Lif1 (1 pmol) alone (lanes 7 and 7) and increasing amounts of Nej1 (lanes 2 and 8, 0.5 pmol; lanes 3 and 9, 1 pmol; lanes 4 and 10, 1.5 pmol; lanes
5and 11,2 pmol; lanes 6 and 12, 3 pmol). C, kinetics of joining of cohesive-ended duplex DNA (10 pmol) by Dnl4-Lif1 (1 pmol) in the absence (No NejT; open
squares) or presence (With Nej1; 2 pmol; filled squares) of Nej1 in reactions containing ATP (1 mm). The results of three independent experiments are shown

graphically. Error bars indicate mean =+ S.D.

Next, we examined the effect of Nejl on DNA joining by
Dnl4-Lifl. In assays carried out in the absence of ATP, the
intermolecular joining of linear cohesive-ended DNA mole-
cules was less efficient than nick joining by Dnl4-Lif1. The
addition of Nejl stimulated intermolecular joining but not
nick joining under these single-turnover conditions (Fig. 7A).
When similar assays were carried out in the presence of ATP,
Nejl again stimulated intermolecular ligation but not nick
ligation (Fig. 7B). With the nicked DNA substrate, the
amount of ligated product was less than the number of Dnl4
molecules, suggesting that the Dnl4 molecules were carrying
out only a single ligation event. In contrast, the addition of
Nejl to intermolecular joining reactions resulted in more liga-
tion events than Dnl4 molecules, demonstrating that Nejl
enables Dnl4-Lif1 to carry out more than one catalytic cycle.
Under these conditions, Nejl did not significantly alter the
initial reaction rate (Fig. 7C), indicating that the increased
ligation results from Nejl inducing the turnover of Dnl4-Lifl
molecules.
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DISCUSSION

Yeast Nejl and its mammalian ortholog XLF are the most
recently identified core components of the major eukaryotic
NHE] pathway (20-23, 25, 26). These proteins are structur-
ally similar to and interact with the yeast Lifl and human
XRCC4 subunit of the DNA ligase IV complex (20-23, 25, 28,
30, 35). In addition, XLF enhances joining by DNA ligase IV-
XRCC4 of both matched and mismatched DNA ends (31-34,
46). Using a combination of molecular genetic and biochemi-
cal approaches, we have demonstrated that Nejl not only
contributes to the final ligation step of NHE] but also plays a
critical role in the initiation of the NHE] pathway.

Previously, live cell imaging studies had shown that the re-
cruitment of XLF to DSBs is dependent upon Ku but not
XRCC4 (27). Similarly, we found that the recruitment of Nej1
to an in vivo site-specific DSB measured by ChIP was depen-
dent upon yKu but not Lifl or Dnl4. Notably, our ChIP stud-
ies revealed that in addition to Dnl4-Lif1 (19), Nej1 is re-
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quired for the stable association of yKu at in vivo DSBs. This
stabilization of yKu binding suppresses homologous recombi-
nation by inhibiting end resection (19) and Rad51 recruit-
ment, thereby sequestering DNA ends into the NHE] repair
pathway. Consistent with the Ku-dependent recruitment of
XLF to DSBs (27) and our ChIP results, there is a direct physi-
cal interaction between yKu and Nejl that occurs in both the
absence and presence of DNA ends. Similar to Dnl4-Lif1 (19),
Nejl preferentially interacts with DNA ends bound by yKu.
Furthermore, the binding of a mixture of Dnl4-Lifl and Nejl
to DNA ends bound by yKu is greater than the sum of the
binding of Dnl4-Lifl and Nej1 alone, suggesting that the in-
teraction between Dnl4-Lifl and Nejl contributes to the as-
sembly of complexes with yKu at DNA ends.

The complex formed by yKu, Nej1, and Dnl4-Lifl proteins
at DNA ends plays a critical role in channeling DNA ends into
the NHE] pathway by preventing resection (19). In mamma-
lian NHE], the stability of Ku binding to DNA ends is also
influenced by DNA-PKcs, which causes the Ku ring to trans-
locate inward along the DNA duplex during formation of the
DNA-PK complex (47). Because the recruitment of XLF and
DNA ligase IV-XRCC4 to in vivo DSBs is dependent upon Ku
but independent of DNA-PKcs (27, 48), XLF, DNA ligase IV-
XRCC4, and DNA-PKcs may all contribute to the stable asso-
ciation of Ku with DNA ends. Indeed, we suggest that the in-
creased contribution of NHE] to DSB repair in mammals is a
consequence of DNA-PKcs greatly enhancing the stability of
Ku at DNA ends.

An unusual feature of purified DNA ligase IV family pro-
teins is that they appear to catalyze only a single ligation event
because of inefficient readenylation following ligation (32, 42,
45). Recently, it has been shown that XLF promotes readenyl-
ation of DNA ligase IV-XRCC4, and it was suggested that this
readenylation may enable DNA ligase IV-XRCC4 to join both
strands at a ligatable DSB (32). Here, we have found that al-
though Nejl does enhance adenylation of Dnl4-Lifl, it has a
much greater effect on deadenylation, enhancing pyrophos-
phate-driven reversal of Step 1 of the ligation reaction and
Step 2 of the ligation reaction, nucleotidyl transfer from Dnl4
to DNA. Importantly, we have demonstrated that Dnl4-Lif1
molecules catalyze more than one ligation event in the pres-
ence of Nejl but only during intermolecular ligation. Because
only one strand of the aligned DNA ends was ligatable, the
increased ligation reflects more intermolecular ligation rather
than enhanced ligation of the second strand at aligned DNA
ends. This reactivation of Dnl4 by Nejl has important impli-
cations for the repair capacity of the NHE] pathway because,
without such a mechanism, the repair of DSBs by NHE] will
be limited by the number of Dnl4 molecules.

In summary, our molecular genetic and biochemical studies
have provided novel mechanistic insights into the role of Nej1l
in the repair of DSBs by NHE]. Notably, this protein is a key
component of the initial NHE] complex assembled at the DSB
and also appears to be involved in the turnover of NHE] fac-
tors after repair is completed. In addition to participating in
NHE], Nejl is also involved in the repair of DSBs by yKu-in-
dependent microhomology-mediated end joining and single-
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strand annealing (49, 50). Further studies are needed to deter-
mine how Nejl contributes to these repair pathways.
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